A novel donor-acceptor polymer, PPhTQ, is synthesized by condensing a phenanthrene unit onto a thiadiazoloquinoxaline moiety. This polymer shows a broad absorption band from visible to near infrared and a very low optical bandgap of 0. 80 eV. A well-balanced ambipolar field-effect behavior is observed for PPhTQ, with mobilities of 0.09 cm 2 V -1 s -1 for holes and 0.06 cm 2 V -1 s -1 for electrons. A two-dimensional charge carrier transport in the film is determined by low-temperature resistance measurements, and an ordered face-on organization is found by grazing incidence wide-angle X-ray scattering. More importantly, a PPhTQ thin film phototransistor exhibits an excellent device performance with a maximum photoresponsivity of 400 A/W.
INTRODUCTION
As key elements for future organic electronics, polymeric field-effect transistors (FETs) are attracting attention due to their advantages such as low cost, light weight, mechanical flexibility and solution processibility. Rational tailoring of the donor (D) and acceptor (A) units is an efficient strategy to manipulate the optoelectronic properties of D-A conjugated polymers. To date, a variety of acceptors with high electron affinity have been designed to construct D-A ambipolar polymer semiconductors, including benzobisthiadiazole (BBT), 1 diketopyrrolopyrrole (DPP), 2 isoindigo (IID), 3 and thiadiazoloquinoxaline (TQ). 4 While few D-A conjugated polymers exhibit high charge carrier mobilities with well-balanced ambipolar transport, [5] [6] [7] they are barely used as the active layer of phototransistors.
Phototransistors are a type of photosensitive transistors in which light detection and signal amplification are combined in a single device, [8] [9] [10] which have recently seen a significant progress. The photoresponsivity (P R ) of organic phototransistors (OPTs) could be improved up to 10 3 A/W, [11] [12] one order of magnitude higher than that of their single-crystal silicon counterpart (~300 A/W). 13 In particular, the P R value of single-crystal OPTs is as high as 10 4 A/W. [14] [15] [16] In spite of these remarkable achievements, it must be noted that most OPT studies focused on small molecules, while only few reports utilized conjugated polymer as the active layer for OPTs. For traditional polymeric thin film OPTs, the highest P R value is only 100-250 A/W, 17,18 although higher records were found. To realize high-performance phototransistors, three critical processes are required: light-induced generation, transport and collection of charge carriers. Unfortunately, most conjugated polymers have narrow absorption bands and low mobilities, which both lead to low performance of their phototransistors. 10 In contrast, D-A conjugated polymers can harvest more incident photons for efficient generation of charge carriers because of their low bandgap. 20 Herein, we present a newly designed phenanthrene condensed thiadiazoloquinoxaline D-A polymer, PPhTQ, which shows a low optical bandgap of 0.80 eV. Furthermore, a well-balanced ambipolar charge carrier transport is observed, with mobilities of 0.09 cm 2 , this transistor performance is not superior; more importantly, however, PPhTQ is found to act as an effective active layer for OPT devices. The maximum P R value of 400 A/W is higher than that of single-crystal silicon and thus among the best performing polymeric thin film phototransistors.
EXPERIMENTAL SECTION

General method:
1 H NMR and 13 C NMR spectra were recorded in deuterated solvents on a Bruker DPX 250. High Resolution Mass Spectra (HRMS) were performed by the Microanalytical Laboratory of Johannes Gutenberg-University, Mainz. Elemental analysis was carried out using a Foss Heraeus Vario EL in the Institute of Organic Chemistry at the Johannes Gutenberg-University, Mainz. UV-Vis-NIR absorption spectra were measured on a Perkin-Elmer Lambda 9 spectrophotometer at room temperature. Thermogravimetry analysis (TGA) was carried out on a Mettler 500 Thermogravimetry Analyzer. Cyclic Volatammetry (CV) was measured on a computer-controlled GSTAT12 in a three-electrode cell in anhydrous solvents solution of n-Bu 4 NPF 6 (0.1 M) with a scan rate of 50 mV/s at room temperature under argon (dichloromethane for PhTQ and acetonitrile for PPhTQ). A Pt wire, a silver wire, and a glassy carbon electrode were used as the counter electrode, the reference electrode, and the working electrode, respectively. For PhTQ, the measurement was carried out using a 0.1 mol/L dichloromethane solution of n-Bu4NPF6 as electrolyte, while PhTQ was dissolved with a concentration of 10 -3 mol/L. The electron affinity (EA) was estimated from the onset of the first reduction peak, while the potentials were determined using ferrocene (Fc) as standard by the empirical formula EA = -(E Red onset -E Fc/Fc+ 1/2 +4.8) eV wherein E Fc/Fc+ 1/2 = 0.63 eV (measured from our setup). The molecular weight was determined by PSSWinGPC (PSS) (pump: alliance GPC 2000) GPC equipped with an UV or RI detector running in THF at 30 °C using a PLgel MIXED-B column (particle size: 10 mm, dimension: 0.8×30 cm) calibrated against polystyrene standards. Density functional theory (DFT) calculations were performed by the Gaussian 03 21 program with the B3LYP hybrid functional and basis set 6-31G for the ground state geometry optimization 22, 23 . Substrate modification by SAM: The heavily doped silicon wafers with a 300-nm-thick thermal oxide layer on top were used as substrates, which were cleaned by 10 min ultrasonication in acetone and subsequent 10 min ultrasonication in isopropanol. After activation by using oxygen plasma, the substrates were functionalized with a self-assembled monolayer of hexamethyldisilazane (HMDS, Alfa) from the vapor phase using a vapor prime system at 140 o C for 6 h.
Characterization: A Digital Instruments Nanoscope IIIa Atomic Force Microscopy (AFM) in tapping mode was utilized to record the morphology of drop-cast films. The temperature dependence of the resistance of the thin film was measured by PPMS (Physical Property Measurement System, Quantum Design). GIWAXS experiments were performed by means of a solid anode X-ray tube (Siemens Kristalloflex Xray source, copper anode X-ray tube operated at 35kV and 40mA 
(1) and 5,5'-bis(trimethylstannyl)-2,2'-bithiophene (4) were prepared according to our previous procedures. 25 
10,14-Bis(4-(2-decyltetradecyl)thiophen-2-yl)dibenzo[a,c][1,2,5]thiadiazolo[3,4-i]phenazine (PhTQ):
Compound 1 (0.5 g, 0.47 mmol) and fine iron powder (311 mg, 5.55 mmol) in acetic acid (15 mL) were stirred for 5 h at 75 °C under argon. Then the reaction mixture was cooled to room temperature, and poured into 50 mL of water. 5% NaOH aqueous solution was carefully added until pH value reaches 7. The mixture was extracted with diethyl ether for 3 times. The combined organic layers were washed with brine, dried with MgSO 4 and the solvent was removed under reduced pressure to give the corresponding diamine 2 as deep dark oil. This crude product was directly added into an acetic acid (15 mL) solution of phenanthrene-9,10-dione (97.8 mg, 0.47 mmol). The mixture was heated to 80 °C overnight under argon. After cooling to room temperature, the mixture was poured into 100 mL 5% aqueous NaOH and extracted with dichloromethane. The combined organic phases were dried with MgSO 4 and filtered. The filtrate was concentrated and purified by column chromatography eluting with hexane dichloromethane (3:1) to give 0.32 g (green solid, two steps 58%) of PhTQ. -PhTQ (0.1 mmol), compound 4 (0.1 mmol), and chlorobenzene (8 mL) were placed in a 50 mL Schlenk tube. The mixture was purged with argon for 5 min, and then 5.5 mg of tris(dibenzylideneacetone)dipalladium(0) (Pd 2 (dba) 3 ) and 7.3 mg of tri(o-tolyl)phosphine (P(o-tolyl)3) were added. Then the mixture was heated to 110 °C under argon for 3 days. The polymer was end-capped with tributylphenylstannane and bromobenzene in sequence. After cooling to room temperature, the reaction mixture was poured into methanol. The polymer was filtered and subjected to Soxhlet extraction with methanol, acetone, hexane, dichloromethane and chloroform. 30 mL of sodium diethyldithiocarbamate aqueous solution (1 g/100 ml) was added into the chloroform fraction to remove residual palladium catalyst. The mixture was heated to 60 °C with vigorous stirring for 2 h. The mixture was separated and the organic phase was washed with water for 3 times. The chloroform solution was concentrated and precipitated in methanol. The target polymer was collected by filtration and dried in vacuum to afford a black solid 61 mg (50%). Molecular weight by GPC: M n = 37.2K 
RESULTS AND DISCUSSION
PPhTQ is designed according to our previous work. 25 We developed a new acceptor unit, benzodithiophenethiadiazoloquinoxaline (BDTTQ), and used it to construct an ambipolar polymer, PBDTTQ-3 ( Figure 1) . 25 To enhance the practical applications of such polymers in organic electronics, a photosensitizer group, phenanthrene, 26, 27 is attached onto the TQ moiety to replace the benzodithiophene group in PBDTTQ-3. The synthesis of PPhTQ is shown in Scheme 1. The compound 1 is converted to the corresponding diamine 2, which is not purified and directly condensed with phenanthrene-9,10-dione to give monomer PhTQ. Afterwards, the dibromination is carried out to obtain Br 2 -PhTQ. Finally, PPhTQ is prepared via Stille coupling between Br 2 -PhTQ and distannylbithiophene 4. The detailed synthesis is depicted in the experimental section. PPhTQ shows a good solubility in common solvents such as chloroform, tetrahydrofuran (THF) and toluene. An average molecular weight (M n ) of 37.2 kg/mol and a polydispersity index (Ð) of 1.88 are determined by GPC using polystyrene as standard and THF as eluent at 30 °C, as shown in Table S1 . It is worth noting that this is a PhTQ containing polymer with the highest molecular weight achieved so far. 28 Additionally, this polymer 4 exhibits an excellent thermal stability with only 5% weight loss at 402 o C ( Figure S1 ). UV-Vis-NIR absorption spectra of PPhTQ are measured in dilute toluene solution as well as thin film, and are shown in Figure 2a . A maximum absorption peak at 1143 nm in solution is obviously corresponding to a significant blue-shift of 127 nm as compared to PBDTTQ-3. 25 The PPhTQ thin film on a glass slide drop-cast from toluene solution displays slightly broadened bands compared to the solution. This broadening indicates aggregation in solid state. The optical bandgap of 0.80 eV is estimated from the absorption onset of the solid film. The ionization potential (IP) and electron affinity (EA) of PPhTQ are calculated from onsets of first oxidation and reduction peaks in the cyclic voltammetry (CV) plots, with values of -5.08 and -4.01 eV ( Figure S2) . Meanwhile, the electron-withdrawing ability of PhTQ is also estimated from CV with the EA value of -3.84 eV ( Figure S3 ). This value is higher than that of BDTTQ-3 (-3.92 eV) (chemical structure in Figure S4) , implying a slightly weaker electron affinity than BDTTQ-3. 25 On the other hand, density functional theory (DFT) calculations are also carried out to describe the electron density distribution along the PPhTQ backbone, as shown in Figure 2b . The electron density distributions of the LUMO and HOMO levels of dimer of PPhTQ repeat units are similar to PBDTTQ-3. These results imply a potential for ambipolarity of PPhTQ. In comparison with the optical bandgap, the electrochemical bandgap increases by 0.27 eV, which might result from the exciton bonding energy of the conjugated polymer. To evaluate the charge carrier transport of PPhTQ, thinfilm transistors are fabricated with bottom-gate bottomcontact (BGBC) configurations. Heavily doped silicon covered by 300-nm-thick thermally grown oxide dielectric acts as gate electrode and hexamethyldisilazane (HMDS) is employed to functionalize the dielectric surface in order to minimize interfacial trapping sites. Source and drain electrodes are fabricated by Au evaporation. PPhTQ thin films with the thickness of 1-5 µm are deposited by drop-casting from 10 mg/mL chloroform solution. Figure 3 presents the transfer and output characteristics in the saturation regime. More importantly, a well-balanced ambipolar charge carrier transport is evident from the transfer curve in both p-and ntype operation modes for negative and positive gate voltages. In the negative drain mode for a source-drain voltage (V DS ) of -120 V, the crossover point is located at around V GS = -40 V indicating a change from electron-to hole-dominated current (Figure 3a) . Below this V GS the transistor exhibits a hole transport in the accumulation mode. In the positive regime at V DS = 120 V the electrons dominate the device operation from approximately V GS = 60 V, which is slightly improved in comparison to PBDTTQ-3 (70 V). 25 This relatively high turnon voltage may result from the immobile Si-O -ions at the semiconductor/dielectric interface caused by electrochemically trapping the injected electrons. 29 Although the charge trapping can be alleviated by HMDS, it cannot be completely eliminated. It has been proven that this negative effect influences only the threshold voltage, but not the mobility. 30 A stronger hysteresis for electron transport is observed indicating a higher density of trapping sites for electrons ( Figure  S5) . 31 On the other hand, at low V DS the output plots exhibit a large I DS offset which is defined as the drain current at different V GS and V DS = 0 V, resulting from the gate-induced leakage current (Figures 3b and S6) . 32 The saturation field-effect mobilities of PPhTQ reach values of 0.09 cm 2 V -1 s -1 for holes and 0.04 cm 2 V -1 s -1 for electrons, which are among the best transistor performances for TQ-containing polymers. 25 In addition, the electron transport is slightly enhanced reaching a saturation mobility of 0.06 cm 2 V -1 s -1 when chlorobenzene is used as solvent. The on/off ratio of the devices is as low as 10-10 2 , which could be ascribed to the adventitious doping due to the high IP value of this polymer. 33 The mobilities in the linear regime are also investigated with slightly lower Figure S7) .
The charge carrier transport in a PPhTQ thin film is also investigated by a low-temperature resistance measurement. The electric field is only applied between source and drain electrodes, and two different bias voltages (1 and 20 V) are employed. The temperature dependence of the film resistance is shown in Figure 4 . The resistance follows the exponential temperature dependence of variable range hopping (VRH). 34 In this model, the conductance of carriers is controlled by the electrons between local states nearby the Fermi level: R(T)=R 0 ·exp(T 0 /T) m , where R is the resistance; the exponent m=1/2, 1/3, and 1/4 represent one-dimensional (1D), two-dimensional (2D), and three-dimensional (3D) hopping, respectively; T 0 is the Mott characteristic temperature, and can be obtained from the lnR(T)~T -1/m plots. It has to be emphasized that this model includes some structural information at the molecular level without taking the mesoscale microstructure into account. 35 The R(T) data of the PPhTQ film at both bias voltages are well fitted by the 2D-VRH model: R(T)=R 0 ·exp(T 0 /T) 1/3 . In other words, the charge carrier transport in the PPhTQ film occurs in two dimensions. The Mott characteristic temperature T 0 obtained from Figure  4 is about 7.87×10 6 K, which is much larger than those of conducting polymers (usually less than 10 5 K), indicating a higher conduction barrier in the PPhTQ films. The morphology of the drop-cast PPhTQ film is determined by atom force microscopy (AFM) in tapping-mode, as presented in Figure 5a . PPhTQ film displays aggregated granular topography which is similar with other reported TQ polymers. 25 The domain size is ranging from 50 to 100 nm with the surface root-mean-square roughness of 3.05 nm. These large domains create sufficient pathways for charge carrier transport resulting in relatively high OFET performance. To elucidate the molecular organization in PPhTQ thin films, grazing-incidence wide-angle X-ray scattering (GIWAXS) is performed, as shown in Figure 5b . The GIWAXS pattern exhibits a pronounced order which is evident from reflections up to second order appearing in the out-of-plane pattern. From the first order peak at q z = 0.25 Å -1 and q xy = 0 Å -1 an interlayer distance of 2.51 nm is determined (reflection R1 in Figure S8 ). Additional reflections at q z =0 Å -1 and q xy =0.32 Å -1 corresponding to a d-spacing of 1.96 nm and located on the equatorial plane are assigned to the length of the repeating unit along the backbone (reflection R5 in Figure S8) . The reflection at the wide-angle out-of-plane is related to the π-stacking distance of 0.375 nm (reflection R4 in Figure S8 ). The appearance of the interlayer and π-stacking reflection on the same plane indicates the coexistence of the face-and edge-on organization, whereby the first type of arrangement reveals a π-stacking peak in the GIWAXS pattern. In contrast, as previously reported, PBDTTQ-3 possesses only poor order in spite of its similar chemical structure and FET performance to PPhTQ. Since the PPhTQ polymer leads to a pronounced ambipolar behavior despite its face-on arrangement, it can be assumed that the charge transport also takes place along polymer conjugated backbone. 36, 37 Figure 5. a) AFM image and b) GIWAXS pattern for PPhTQ thin films on a HMDS-modified substrate.
In comparison to the recently reported TQ-containing polymers such as PBDTTQ-3, 25 PPhTQ exhibits an identical ambipolar transistor performance. However, the introduction of the phenanthrene group results in an additional high photoresponsivity opening great potential for OPT applications. Figure 6a exhibits its device performance as a phototransistor. At V GS =V DS = -80 V, the absolute value of the drain current is around 200 µA in the dark. When light is switched on, the absorption of the light generates hole-electron pairs. The photogenerated holes can easily move to the drain electrode under the action of the electrical field between source and drain. 38 As reported in the literature, the photogenerated electrons are trapped under the source electrode. 38 Interestingly, the electrons lower the potential barrier between the source and channel and consequently facilitate the injection of excess holes from the source electrode into the organic semiconductor layer. 38 As a result, a photocurrent (I ph ) of ~100 µA is generated so that -I DS increases to ~300 µA. After switching off the light, the drain current is reduced to the original level. The stability of PPhTQ phototransistors is confirmed by 7 on-off cycles (Figure 6a) . A single cycle of the photoresponse behavior is presented in Figure S9 . Photoresponsivity (P R ) and photosensitivity (P S ) are key parameters for assessing the performance of phototransistors. The values of P R and P S are typically defined as: P R = (I inc -I dark )/P inc = I ph /P inc , P S = (I inc -I dark )/I dark = I ph /I dark , where P inc is the incident illumination power on the device channel, I inc and I dark are the drain current under the incident illumination and in the dark, respectively. P R is plotted as a function of the gate voltage (V GS ) with V DS = -80 V in Figure 6b . At V GS < 0 V, P R is only around 0.1 A/W, while this parameter significantly grows to 400 A/W with increasing V GS to -80 V. To the best of our knowledge, this value exceeds that of single-crystal silicon 6 and is among the highest photoresponsivity for thin film phototransistors based on conjugated polymers. 17 There are three possible reasons for such high OPT performance. 39 Firstly, PPhTQ shows a broad absorption band from visible to near infrared. Secondly, the IP energy level (-5.08 eV) of this polymer is close to the work function of Au electrodes (~-5.1 eV). Thirdly, the charge carrier mobility of this polymer is pronounced. The value of P S is comparably low, with a maximum value of about 0.5 ( Figure S10 ), which is primarily attributed to the high off-current and subsequent low on/off ratio of PPhTQ. It is assumed that such photoelectric property of this polymer originates from the new TQ moiety, PhTQ. 
CONCLUSION
A new TQ-based conjugated polymer, PPhTQ, is synthesized. The introduction of a phenanthrene group into the TQ moiety has only a slight influence on the charge carrier transport in comparison to the other recently reported TQbased polymers. 25 PPhTQ still exhibits a well-balanced ambipolor field-effect behavior with mobilities of 0.09 cm 2 V -1 s -1 for holes and 0.06 cm 2 V -1 s -1 for electrons. Interestingly, this structural modification opens up the application of PPhTQ as an active layer in OPT devices. The resulting thin film phototransistor shows a maximum photoresponsivity of 400 A/W, which not only exceeds that of single-crystal siliconbased OPTs (~300 A/W), but is also among the best thin-film OPT performances for conjugated polymers. Photodetection with ultra-broadband from the ultraviolet (UV)-visible to the infrared is of vital importance in both industrial and scientific fields, such as spectroscopy, communications, environmental monitoring, remote control, and chemical/biological sensing. 40 It has to be emphasized that a strong and broad absorption in the near-infrared (700-1500 nm, Figure 2a) is also observed for PPhTQ besides the visible light, which makes the polymer potentially applicable for the detection of the near infrared. Now we are investigating PPhTQ phototransistors within a broad wavelength range from visible to near-infrared, which can reinforce our confidence for the practical applications of organic semiconductors, especially conjugated polymers.
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